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Nature .of. .the Problf!D. 
Iron and manganese are camoon contaminates in water supplies 
am have been studied extensively. '!be nature of the problem is well 
summarized� Stoebner ( 1) (3): 
Iron and manganese are relatively abundant elenents in 
the earth 1 s continental crust, existing in soils pr inarily 
as insoluble ferric and manganic canpoums such as Fe2o3, Fe&,, and Mn02 •••• . Even though those canpourds are n�t dis�lved by �e rain water, they will be dissolved by grouro­
water Wlder certain conditions. In the soils, carbon dioxide 
(002) is released as a byproduct of the bacterial decan-. position -of organic matter . • • • '!be carbon dioxide is then 
absorbed � the groundwater· and exists in equilibrium with 
carbonic acid . . . .  Under anaerobic coooitions the iron- and 
manganese-bearing materials are reduced � the slightly acidic 
water to their soluble ferrous and manganous forms: Fe (HCD3) 2, FeSO 4, FeC12, _ltll (OC03 ) 2, MnSO 4, am MnC12 •••• Since iron aoo manganeSe will remain solUble only in the absence 
of dissolved oxygen, grOlll'X}waters usually contain much higher _ 
ooncentrations of these metals than do surface waters . . . .  How­
ever, once �2oundwater is expo�to oxidation, the soluble 
ferrous ( Fe ) and �ganous (Mn . ) can��s will be oon­
verted to ferric ( Fe ) and manganic (Mn ) precipitates such 
as Fe ( OH)3 am MnO 2 •••• 
In its 1962 water quality standards, the United States 
Public Health Service ( USPHS) recanrrended maxinum iron and . 
manganese ooncentrations of 0 . 3. am 0 .05 mg/1 respectively • ••• 
Furthenoore, the goal of the American Water Works Association 
(AWWA) is to maintain levels of iron and manganese below 
0 .05 and 0 .01 ng/1 respectively. . . . Since both elements 
are necessary for human nutrition and since their intake 
through drinking water is an insignificant fraction of the 
body 1 s requiranent, iron and manganese are limited for esthetic 
and econanic reasons .rather than because· of Fbysiological 
hazards • ••• 
' . 
'Ihe presence of iron am manganese in concentrations 
exceeding the USPHS drinking water standards is objection­
able for the following reasons: 
1 .  'lhe precipitation of iron am manganese alters the 
appearance of water , turning it a turbid yellow-brown 
to black • • •• 
2 .  'rtle deposition of these precipitates will also cause 
brown to black stains on laumry and por�lain plumbing 
fixtures • ••• 
2 
3 .  Iron am manganese deposits in water mains are frequently 
resuspended by increased flow rates, resulting in high 
turbidities •••• 
4 .  Several groups of higher bacter ia ( including Crenothrix 
and Leptothrix) have the unique power to consurre 
dissolved i ron as food. Colonies of these bacteria 
will,  in turn, reduce the effective area of distribution 
pipes, clog meters, ana obstruct valves •••• 
5 .  Whep these microorganisms die and slough off, taste and 
odor problems may occur •••• 
6 .  Iron ammanganese thanselves, in concentrations greater 
than a few milligrams per liter, will impart a metallic 
.or bitter taste to water • ••• 
7 .  Iron- and manganese-bearing waters may impart a disagree­
able color or taste to beverages and may form a dark 
deposit on vegetables during cooking • ••• 
8 .  Water containing iron arrl manganese i s  unsuitable for 
many industrial processes including paper· manufactur ing, 
qyeing, bleaching, and film processing • ••• 
3 
Stoel:ner (1) am Schjodt (2) both used a pilot plant which 
treated raJ�� water with ozone gas for the oxidation of iron am man­
ganese aro then passed the treated water through an anthracite coal 
filter . Both agree that the degree of iron and manganese oxidation 
was greatly affected by changes in ozone dosage but was not greatly 
affected by changes in detention tine. Both also experienced limited 
filter runs between backwashing because of iron and manganese 
breakthrough in the filter effluent. 
Kirscherman (3) used a pilot plant that involved aeration, 
potassium permanganate (KMB)4) treabnent, basin detention, and filtra­
tion through a dual nedia (nanganese greensaoo overlaid with 
anthracite coal) . Kirscherrnan foum that the manganese greenmoo was 
capable of reducing total and soluble iron and manganese to within · 
USPBS recomnerded linU.ts when ptssing only aerated water through the 
filter. In ture, the contact bed lost its pr��;erty for exchanging ca­
tions, therefore, regeneration was needed to restore this pro�;erty. 
RMn>4 was used for regeneration. KMrt>4 was also used for chemical 
oxidation treatment by continuous application. 
'!he pilot plant used in this study involves treating rat1 water 
with ozone gas and p1ssing the treated water through a ·ooal/nanganese -
greensand filter . 'Itle research objectives of this study are to: 
4 
1. determine whether or not a shorter detention time would 
became a significant factor in the degree of iron and man­
ganese oxidation; 
2 .  oonq;are the iron and manganese ranoval cap:tcities of the 
ooal filter and the coal/manganese greensand filter; 
3 .  oomp:ire the ozone and potassium permanganate pilot systems 
with respect to iron and manganese removal efficiency; 
4 .  determine the feasibility of oonverting th e  Brookings East 
Water Treatment Facility fran a chemical treabnent plant 





The rate of oxidation of iron aoo manganese depeoos upon the 
type and concentration of the oxidizing agent, pH, alkal inity, organic 
content, and presence of catalysts. 
The concentrations of iron and manganese found in natural 
waters are frequently limited by the solubility of their carbonates . 
Waters of high alkalinity have lower iron and manganese ooncentrations 
than waters of low alkalinity ( 4) • The solubility of rnanganese 
( MnC03) is higher than that of i�on (FeC03) • 
The oxidation of manganese by dissolved oxygen is slower than 
the oxidation of iron and is unacceptably slow at a pH less than ap­
proxinately 9 .5 ( 5) . The pH level for oxidation of iron should be 7 .5 
or higher (6 ) . Organic substances in the water can create complexes 
and chelates with iron am manganese ions holding them in the soluble 
state requiring higher pH levels for precipitation to occur (4) (6) . 
It has been a general assumption that iron and manganese are 
first oxidized (ir�� fran ferrous -Fe+2 to ferric -Fe+3 and manganese 
from nanganous -Mn+2 to manganic -Mn+4> and then precipitated as 
hydroxides ( Fe (OH)3) or oxides (Mn02) as follows (4) (5 )  (7) : 
02 + 4Fe
+2 + 10820 = 8H+ + 4Fe (OH)3 
02 + ·2Mn




'!he oxidation of Mn +2 is an autocatalytic reaction a�celerated 
by Mn02 surfaces. ftt>rgan suggested the reaction steps in oxygenation 
be broken down as follows (4) (7) : 
(3) 
Mn + 2 + MnO fast. Mn + 2MnO 2 2 (4) 
(5). 
Olson am '!Wardowski ( 8) have shown, rowever, the iron 
precipitate may possibly be FeC� in carbonate hard waters rather than 
Fe (OH) 3 when sinple _
aeration arxl precipitation is practiced. FeC03 · 
apiBrently is stable against oxidation to Fe+3 at a pH less than 9 .  
Olson and 'J\.lardowski found the filtration of FeC0+3 to be substantial-
ly faster than Fe (OH) 3 in a nembrane filtration app:tratus. 'rtley also 
ooncluded that ferro�s carbonate precipitates as crystals, whereas 
ferric hydroxi� precipitates as amorphous gelatinous masses which 
plug a filter cake more rapidly. 
For reasons previously stated, 100re efficient nethods of 
oxidation are needed to precipitate Mn+2 as Mn02 within reasonable 
tine periods and typical pH ranges oomnon to water utility practices. 
OZone gas (03 ) has a very high oxidation poten�al and is co� 
sidered an effective disinfectant. It is more soluble in water than 
ordinary oxygen but is relatively unstable arx1 will spontaneously 
revert back to oxygen. Heat will accelerate the �position of. 
ozone (9) . 
. . 
7 
Organic matter in the Brookings groundwater is negl igible 
therefore the pr ima� ozone demand is utilized by iron and manganese. 
The following equations represent the reactions of ozone with the me-
tals {7 ) : 
(6) 
+2 + 03 + Mn �0 = 02 + 2H + Mn02 (7) 
Based upon a comprehensive reviEW of the literature by 
Stoebner {1) , Schjodt (2) pointea out sane of the advantages and dis­
advantages of treating groundwater with ozone. 
As an alternative disinfectant for a groundwater supply, 
ozone has six distinct advantages: 
1 .  Ozone precipitates iron and manganese . 
2 . Ozone reduces the potential for trihalanethane 
formation. 
3 . Ozone reduces the chlor ine demand of water . 
4 .  Ozone is unsurpassed for destroying bacteria, 
viruses, Ia thogens, and SfX>res. 
5 .  Ozone effectively reduces taste, odor, and color . 
6 .  ozone destroys organic pollutants including 
I=eSticides .  
As an alternative disinfectant for a groundwater supply, · 
there are four factors associated with ozone that may be 
-oonsidered diSadvantages: 
1 .  Ozone does not provide a lasting residual to guard 
against recontamination in the distribution �stem. 
8 
2 .  Ozone decomposes very rapidly making long contact 
tine between the water and the disinfectant· difficult 
to achieve. 
3 .  Ozone must be produced on site and relatively 
elaborate generating equipment is required. 
4 .  Ozonation generally has a higher total cost than does 
chlorination. 
Potassium permanganate (KMn04) is a chemical oxidant comrronly 
used in water treatment practices for the removal of iron and manr 
ganese. '!be following equations illustrate the reactions (4) 
(7) (10) : 
Manganese 9reensand· is a purple-black filter media cornnonly­
used for iron arrl manganese ranoval. It is prepared industr ially by 
treating the mineral glauconite with manganese solutions giving it a 
manganese dioxide (Mn02) surface capable of removing soluble iron and 
manganese. Anthracite coal is usually placed over the manganese 
greensand to increase filter runs. The coal removes most of the in-
solubles reducing the problem of plugging the greensand. 
Potassimn permanganate is used to regenerate manganese greerr -
sand . 'lhe contact bed will lose its Mn02 coating to soluble iron 
'- .  
and manganese . '!be bed will eventually become exhausted and 
regeneration will be required to avoid breakthrough of solubles. 
Batches of KMn04 can be added to the system intermittently whenever 
the media needs regeneration or a dosage of KMn04 can be added con­
tinuously as a chemical oxidant. 
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Disadvantages to the intermittent regenerative-batch process 
are the possibility of soluble manganese leakage when the bed is near­
ly degenerat� , and the expensive waste of excess KMn04 needed for 
regeneration (6) . '!be continuous feed of I<Mn04 ahead of the filter 
can overcome these disadvantages and redu� the frequency of greensand 
regeneration • . The following equations illustrate the degeneration and 




Kjos, Furgason and Edwards of the chemical engineering de{art­
ment at the University of Idaro, ltt>soow, Idaho (11) , have conducted a 
pilot plant study to determine the ozone dosage necessary to reduce 
iron and manganese fran the ftt>scow nunicip:il grou.rrlwater supply. The 
raw water used in this study contained 9 .54 ng/1 iron cind 1 .21 �/1 
manganese. Treating the riM water with an ozone dosage of 8 ng/1, 
using a contact tine · of 3 0 secooos, reduced the soluble iron and 
manganese to below USPHS limits. Filtration studies using sand and · 
10 
coal/sand media indicate filter breakthrough occurred anywhere fran 2 
to 7 lx>urs since backwashing, using filtration rates of 1 .6 and 2.5  
gprv'ft2• 
In 1980 Stoebner (1) provided a comprehensive account of a 
pilot plant study comucted at the City of Brookings, South Dakota to 
determine, in p:1rt, the feasibility of using ozonation followed by 
anthracite coal filtration for reooval of iron am manganese. '!be 
filter media am f iltering rate (2 gprv'ft2). employed during the pilot 
study were identical to those used at the Brookings East Water 
Treatment Plant. '!be rat� groundwater supply contained 4 .5  ng/1 iron 
and 0.64 ng/1 manganese-. stoebner CX>ncluded the follCMing: 
a) '.rhe degree of iron and manganese oxidation was significant­
ly affected by changes in ozone dosage but was not greatly 
affected by changes in detention tine ranging fran 5 to 30  
minutes. · _ 
b) Iron was oxidized at an ozone dosage of 2 ng/1 whereas man­
ganese was not significantly oxidized until 4 ng/1 was 
reached. Manganese is ap};arently oore difficult to oxidize 
than is iron to within USPHS standards . 
c)  Increasing the ozone dosage above 4 ng/1 did not substan­
tially inprove the degree of iron and manganese oxidation. 
d) '.rhe anthracite filter medium was not very effective in 
removing the iron and manganese floes formed by oxidation 
with ozone. The maximum practical length .of filter runs 
would be about 10 oours based on breakthrough and not head 
11 
loss through the filter which was only 6 inches (0 .15 m} at 
break though. 
Figures 1 and 2 indicate the pilot systan was only cap:tble of 
lQ-oour filter runs before iron and manganese breakthrough occurred. 
'!he decrease in soluble manganese with tine can be explained by the 
autocatalytic effect created by accumulated Mn02 precipitate in the 
filter. 
In 1983 SChjodt (2} provided an account of the same pilot 
plant feasibility study comucted at the City of Sioux Falls, South 
Dakota. � ooa1 filter media aoo filtering rate (2  gpn/ft2} employed 
during the pilot study were identical to those used by Stoebner. 'Itle 
raN groundwater supply contained 3 .9 ng/1 iron and 2.3 ng/1 manganese. 
Schjodt concluded the foll<:Ming: 
a} The degree of iron am manganese oxidation was greatly af­
fected by changes in ozone dosage but was not greatly af-· 
fected by changes in detention tine ranging fran 5 to 30  
minutes. 
b) Iron was oxidized to within the USPHS limit ;  manganese was 
not. At oosages of 8 ng/1 and beyom, soluble permangante 
was forned. 'Itlerefore, sanething between 4 ng/1 am 8 ng/1 
would be the opt inurn ozone dosage. 
c) The anthracite filter medium was effective in removing the · 
insoluble iron am manganese to within USPHS limits. '1\ie 
maximum practical length of filter · run would be about 20 
· oours having a total head loss of 2.4-feet (0 . 74-m}. 
1.6 0 'lbtal Iron 




Hours Since Filter Backwash 
Figure 1. . I:ron Cbncentrati6ns in the Filter Effluent 
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Figure 2. 
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Manganese Cbncentrations in Filter F.ffluent 
Versus Time Since Backwash - Stoebner (1) 
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Figures 3 and 4 indicate the pilot system was capable_ of a 
2o-oour filter run before iron am manganese breakthrough occurred. 
'!be filter tredia a�ared to have no effect on the soluble iron arx1 
manganese. 
In 1980 Quail (12} perforned a feasibility pilot study at the 
Brookings East Water Treatment Plant to determine whether or not the 
desired treatment could be achieved using only aeration, potassium 
�rmanganate oxidation, detention tine (2.3 . oours) ,  and coal filtra­
tion (2 gpn/ft2) • '!be treatment schene did not produ� a water neet­
ing the recamremed limit for manganese. 
In 1984 . Kirscheman (3) subnitted a study which suwlenented· 
the work �rformed by Quail . In this pilot study the treatment scheme 
was modified by replacing the filter ex>al nedia with a dual (coal/nan­
ganese greensand) nedia. Kirschennan fourn that the manganese greerr 
sand contact bed effe�ively removed iron am manganese to a level 
below the recomnerrled limits using both the intermittent and corr 
tinuous regeneration JOOde . 
During the intermittent regeneration mode, aeration am deterr 
tion had little suc�ss in reducing the soluble manganese, however the 
manganese greensand contact bed was quite capable of reducing soluble 
manganese to within the limit as shown in Figure 5 .  Filter 
breakthrough occurred after 6 000 gallons or approximately 10 .5  days. 
Backwashing was �rforned every two days. 'lhe total head loss 
generated three days after backwashing was 1 .55-feet .(1. 47-m) .  
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. Backwashing for the continuous regeneration mcx1e was perforned 
·once each day. '!be total head loss generated after about 32 hours 
(762 gallons) was 4 .84-feet (1 .47-m) . For Brookings, replacing the 
existing coal nedia with the dual media system was not eoonanical at 
the optiiillm applied KMn04 rate of 4 ��g/1 in the continuous mode .• 
Kirscherman stated that essentially all of the iron was being 
oxidized as a result of the aeration-detention process during the in­
termittent regeneration mode. He reconmerrled that since a portion of 
the KMnO 4 during the continuous regeneration mode was oxidizing 
soluble iron in the detention (upflow) basin, there is potential for a 
substantial savings if the KMnO 4 is applied after the basin. 
· Kirschenman's recommendation agrees with Cleasb¥'s (5)  find­
ings in a case-study perforned at a troubled new water treatment plant 
built for an Iowa munici{ality. The treatment scheme involved aera­
tion, KMnO 4 oxidation, detention and sand filtration. Cleasby stated, 
•the fact that the feed position of the chemical oxidant drastically 
affected the nature and filterability of the precipitate is ir­
refutable• . Chemical feed after detention and inuediately prior to 
filtration lead to best results in filtrate quality arx1 lower head 
loss development. These findings characteristical ly reinforce the 
precipitate concepts of Olson and '!Wardowski previously discussed. 
ME'IHOOO AND MATERIALS 
Description gf Pilot Plant 
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'!be pilot plant used in this study consisted of an air­
pre:taration system, an ozone generator, one contact ex>lumn, a 
constant-head tank , am a filter. A sinplified schematic flow diagram 
of the entire pilot plant is shown in Figure 6 .  
'!be air-pre:taration system, ozone generator, and contact 
column were all supplied by Emery Industries, Inc. , Cincinnati, Ohio, 
and have been described in detail by DeBoer (15) am sunnarized by 
Stoebner (1) am Schjod� (2) . 
Figure 7 presents a photograph of the air-pceparation system 
and ozone generator . Atmospheric air was first filtered and then oomr 
pressed to 100 psig (690 kpa) then cooled am stored in a pressure 
tank . Next, oil , rooisture and dust were renoved fran the air by floW- · 
ing consecutively through a pre-filter, desiccator, and coalesoer. At 
this point, pressure was reduced to 15 psig (100 kPa) for ozone 
generation. 
1be ozone generator o�rates on a constant frequency of 6 0  Hz 
and has a variable voltage power supply. Within the tube-� gener­
ator are three stainless steel tubes surrC>llOOed with a jacket of cool­
ing water . A slightly snaller diameter tubular glass dielectric, as 
shown pictorially in Figure 8 ,  . is inside each of the three tubes 
having a small annular stace between the dielectrics and the inner 
surface of the stainless steel tubes. A stainless steel screen is 
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Figure 7. Air-Preparation System and Ozone Generator 
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Figure 8. Ozone Generator Dielectric 
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prepared air travels down the annular BIBee, a corona . across the Spice 
·converts a small �rcentage of oxygen to ozone. '!he ozonized air fran 
the generator is then routed to the contact rolurnn. 
Figure 9 shows two stainless steel oontact columns. Each 
column has an inside diameter of 6-inches (15 .2-an) and a total height 
of 16-feet ( 4 .88-m) . OZonized air fran the generator was injected at 
the oottan of the rontact oolumns through porous stainless steel dif­
fusers. Due to the relatively short oontact tines used in this. ex­
�rinent, only one contact oolumn was used. Flow of the ozonized air 
to the diffuser was regulated with� a ball valve and rotameter located 
at the base of the colunin as illustrated in Figure 10.  
· Raw water supply for this study came fran the aerator by-J;ass 
line of the treatment plant. Figure 11 shows the variable-sJ:eed 
positive-displacement pmtp am flow meter used for regulating and 
measuring the rENI water flow to the top of the oontact column, thus 
providing the desired contact time. '!be water flowed down the column 
counter-currently against the diffusing bubbles, back up to the top of 
the column via a 2-inch (5 .08-cm) PVC pi� where an adequate portion 
of the flow spilled into the constant-head tank located above the fil­
ter . Excess ozone off-gas not absorbed by the water was discharged 
through the top of the contact column via tygon tubing � routed to· 
an exhaust vent leading outQbors. 
Figure 12 pre.sents a photograph of_ the acrylic constant-head 
tank used • . '!he sole purpose of the constant-head tank was to provide 
a constant flow of treated water to the filter. '!be tank was not 
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Figure 9. Contact Coltnnns 
Figure 10. Regulating Valves and Meters to Ozone Diffusers 
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Figure 11 . Water Supply Pump and Flow Meters 
Figure 12 . Constant-Head Tank 
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.large enough to keep up with the relatively large flows needed· for the 
desired contact tines, therefore sane flow was diverted and wasted 
through a 1 .25-inch (3 .17-an) cor rugated plastic hose before entering 
the constant-head tank . A plastic valve located on the bottan dis­
charge side of the tank, insured the desired flow rate to the filter . 
'!he filter as shown pictorally in Figure 13,  consisted of a 
transiSrent schedule 80 P\TC column with an inside diarreter of 6-inches 
(15-an) . '!he underdrain for the filter is an aluminum box 9-inches 
(23-an) high with side dinensions of 12-inches (31-an) . '!be 16-inch 
( 41-an) square base at the bottan p�ovides stability. A renovable 
side pmel facilitated cleaning of the underdrain. 'l'tle effluent line · 
fran the filter included: valving for the backwash l ine, a 
Hersey-sparl ing water meter, and a plastic riser tube with a diameter 
of 0. 75-inches (1 .9-an) • A 0. 75-inch ( 1 .9-an) garden hose with a 
check· valve was connected to the discharge line of the treatment 
plant's high servi� ptEp station to ootain backwash water . '11:le riser 
tube maintained a mininum water depth of seven inches (18 an) over the 
filter media. 'Ibis el iminated air binding and dissip:1ted the energy 
of the water as it cascaded into the filter. 
A dual anthracite coal-Iran9anese greensand filter medium was 
used with 12-inches (30.4 8-an) of suPIX>rt gravel • . A to� of 
IS-inches (45 .72-cm) of mang�ese greensand overlaid with 12-inches 
(3D-an) of ri�ned No • . 1 anthracite ooal were placed in seperate 
layers over the gravel . Figure 14 provides a detailed .sectional view 
. of the pilot filter which was also used by Kirscherman . Table 1 


















Figure 14. · Schematic View of Pilot Filter 
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8'3" 
provides the unit weight and particle size distribution of the 
anthracite coal aOO manganese greensand used. 
Table 1 .  Unit Weight arrl Particle-Size Distr iliution 
of the Filter Media 
28 
Dry Unit 
Weig�t Uniformity Coefficient 
Anthracite Coal 
Manganese Greensand 
lb/ft o60 (nun) 
121 .7 








· Ozone Systen 
�rational aili Analytical Pr�dures 
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'lhe ozone system procedures were o�rated am performed in the 
same manner as Stoel:ner (1) and Schjcx1t (2) . To avoid repetition, 
this section will  provide a brief synopsis for the conditions and 
procedures used. 
Dryness and flow rate of the feed gas, the tanperature and 
pressure in the ozone generator , and the frequency and voltage of the 
power supply are all factors that determine ozone prcxluction. All of 
these p:1rameters were held constant except voltage . '!heir values 
were: 
feed-gas flow-rate 0.33 cfm ( 9 . 3  lpm) 
generator temperature 50°F (10°C) 
generator pressure 15 psig (100 kPa) 
frequency 6 0Hz 
In this manner voltage becomes the only control for ozone 
production. A trial and error process of voltage adjustment was used 
until the desired ozone ooncentration was measured leaving the gener­
ator . An applied ozone dosage of 4 ng/1 was held constant throughout 
the experi.nent requiring only small adjustments of the voltage 
regulator depeooing on the change in baranetric pressure and water 
contact tine. 
'lhe method used for determining the ozone conCentration in the 
gas is a va.riation of the idometric method for measuring ozone 
residual as described in Standard Methods ( 16) . In brief, a 4 liter 
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portion of supply gas was PlSsed through a series of two gas �ashing · 
bottles, each containing 400 ml. of one per cent potassium icx1ide (KI) 
solution. A wet-test meter was used to measure the volume of gas . 
When {:assing the gas through the bottles, ozone is tied up with the KI 
solution changing it from a clear to a yellow icx1ine solution (see 
Figure 15) . SUbsequent fixing with 2N sulfuric acid (�ro4 ) and 
titration with 0.10 N sodiwn thiosulfate (��03) using a starch in­
dicator yielded the weight of ozone in the solution. Determining the 
ozone weight per air volume with a selected air flow rate and water 
flow rate yields the applied ozone dosage. A description of all the 
experi.nental calculations is provided in Ap�rrlix A • 
. Three different detention times were used in this stuqy; 10, 5 
and 2 .5 minutes. All other parameters were held constant. A con­
stantly applied ozone dosage of 4 ng/1, determined to be the optillllin 
dosage l:!f Stoebner (1)
_
, was maintained. Liquid depth in the contact 
oolumn was kept . at 14 .5  feet (4 .4 m) allowing a constant liquid volume 
of 21 .3  gallons· (161 liters ) and making the contact time a function of 
only influent flCM rate. 
Ozone off-gas is the portion of ozone not utilized l:!f the 
water and is vented out the top of the column. By keeping the air 
flow rate oonstant arrl performing the previously mentioned gas washing 
test method on the off-gas, one can determine the aroount of ozone lost 
and hence the transfer efficiency. 
Ozone residual in the treated water was deten_nined l:!f a back 
titration method using a Fischer and Porter Series 17T2000 
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�ranetric titrator (refer to Figure 16) . Back titr.ation provided a 
IOOre distinct "errl point" (neter deflection) . '.Ihe method is described 
in the amperanetric titrator instruction bulletin (17 ) . In short, a 
200 ml. water sample was collected fran the contact oolumn effluent and 
conditioned with a pH 4 buffer and a 5% KI solution. A sufficient 
known amount of pheeylarsene oxide (PAD) was added to the sample arxl 
then titrated with an iodine solution of known streiXJth. A descri?­
tion of the experinental calculations is provided in �mix A� 
Filter Systen 
'!he Inversand Manganese Greensand canp:1ny provides suggested · 
o�rating criteria for the contact bed as listed by Kirschennan (3) • 
A backwash rate sufficient enough to produ� approxinately a 40% bed 
expansion is suggested. In an attenpt to achieve this expansion the 
dual nedia becane intermixed. '!be nedia was removea am new nedia wa5 
installed. Corrlitioned anthracite coal was taken fran the o�rating 
water treatment ·plant filter beds . �ia placement was installed as 
suggested by Kirschennan (3) ; First, a graded gravel base of 12-inches 
(30 .4 8-an) was installed. Next, 18-inches (45 .  72-an) of manganese 
greensand were placed above the gravel base ar¥:1 a backwash perforned. 
About one inch of bed expansion including migrated fines was removed 
fran the top of the bed . Finally 12-inches (30.48-an) of coooitioned 
coal were used· to cap the gr.eerisand. To avoid the intermixing 
problan, a backwash producing approximately 20% bed eXpansion was used 
throughout the study. It is believed that the pilot filter area is · 
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Figure 15 .  Gas Washing Systan Used for Cbllecting Ozone Gas · 
Figure 16. Back Titration Method for Detennining Ozone 
Residual Concentrations 
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not sufficient enough to prevent entr�nt of media particles when 
settling out after backwashing. 
'ltlree different ozone water treatment contact tines of 10, 5 
and 2.5  minutes were used in this study. A filter run of four corr 
secutive days was � rformed at each contact tine. ibe filtration rate 
was held constant at 2 gpn/ft2 • Canplete regeneration was � rformed 
before each of the three runs. Regeneration was � rforned by adding 
batch doses of potassium �rmanganate (KMn04) until the filter ef­
fluent turned pink . '!he filter was then rinsed for 0 .  5 oour s at the 
filtration rate before starting the run. Backwashing was �rformed 
about every 12 oours _on the first filter run which was at the 10  
minute contact tine. It was later real ized that the backwashing could 
be delayed longer to every 2 4  hours, therefore, backwashing occurred 
once a day in _ the second and third filter runs. '!be tine for each 
backwash was approximately 15 minutes. 
Samples for total and soluble iron am manganese were collec­
ted at the 1 0  sampling points depicted in Figure 17 . Five sep:trate 
sets of samples were collected for each of the three filter runs. 
Each set of samples were collected every 2 4  rours · itmediately prior to 
backwashing except for the initial set which was collected 0.5 oours 
after start-up. 
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Figure 1 7. - Sanpling IDeations for Both Ozone Gas arrl Iron 
and Manganese Concentrations 
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Iron and Manganese 
Samples were collected and tested in the manner descr ibed by 
Kirscherman (3) • �e 2 50 milliliter (ml ) plastic sample bottles were 
cleaned with 1 : 1  HCl acid am rinsed twice with demineral ized water . 
'lhree millil iters of concentrated HCl acid were added to each bottle 
for sample preservation by reducing the pH belCJN two. �e bottles for 
total iron and manganese samples were acidified before saJ��>le col lec­
tion whereas the samples for soluble iron and manganese were first 
collected aiX1 irmediately vacuun filtered through 0.45-micron membrane 
filters before being preserved with acid. �e membrane filters could 
generally be used more than once depending on the aiOOUnt of residue 
collected on the filter pid. 
To increase the accuracy of iron arx3 manganese determinations 
with the atanic absorption unit, roost of the samples were concentrated 
by a factor of 10. Evaporating dishes were cleaned with 1 : 1  11::1 am 
rinsed with demineral ized water . ihen 100 ml. of the sample were added 
to the dish and evaporated to dryness over a steam tabl�. About 2 m1 
of 1 : 5  10 were added to redissolve the residue. '!he solution was 
then rinsed into a 10 ml. volmnetric flask and filled to the mark with 
demineralized water prior to analysis. 
'lbe Perkin-Elmer ftkx1el 2380 atanic absorption 
spectroibot�ter fran the Chanistry Deparbnent of South Dakota State 
University was used for iron and manganese determinations (Figure 18) . 
The unit provided statistical digital readout such as · relative average 
absorbance, standard deviation and coefficient of variel'lOO . 'Ibe 




samples were aspirated individually � harxl . 'Ibe o�rating corxlitions 
·for the atanic absorption unit are slJiliDarized in Table 2 .  
Iron and manganese standards with concentrations ranging fran 
0 .0 to 10 .0  mg/1 were made from dilutions of stock solutions. The 
relationship between metal concentration and relative absorban� was 




Table 2 .  �rating Coooitions of Atanic Absorption 
Spectrophotometer for Iron and 
Manganese Determinations 
Wave Length Slot Setting 
(mn) (nm) 
248.3 
27 9 .5 
0 .2  
0 .2 
Light SOurce Flame � 
Hollcw cathode Lanp Air-A�tylene 
Hollcw cathode Lanp Air-A�tylene 
Filter Head loss 
Filter head loss data were recorded fran a mananeter board 
before each sampling event. Each tap has a mananeter and the dif­
ference in water level between each mananeter represents the head loss 
for that p:1rticular 3-inch (7 .6-an) section of filter media. Tbe. dif­
ference in elevation between the water level for sample tap 1 and the 
effluent riser represented the total head loss through the filter . 
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RESULTS AND DIS<lJSSION 
Ozone Demand 
The applied ozone dosage of 4 ng/1 consistently used 
throughout this study was determined to be the optinum dosage for the 
Brookings municipal groundwater supply by Stoebner (1) . The ozone 
reaction equations stated in the literature review stoicheametrical ly 
indicate that 0 .43 ng/1 ozone reacts with one mg/1 iron, and 0 .897 
ng/1 ozone reacts with one mg/1 rranganese under near neutral condi­
tions. Considering an overall average iron concentration of 4 .51 ng/1 
and manga�ese concentration of 0 .  7_7 ng/1 in the raN water supply, the 
ozone requirenent would be 1 .94 ng/1 for iron and 0 .67 ng/1 for man- · 
ganese for a total ozone requirement of 2 .61 rcg/1. 
Other constituents in the water, such as sulfides and organics 
exert an additional ozone demaOO . '!be organic content in the 
groundwater is considered small indicating that sane excess ozone is 
needed to force · the reactions to completion under normal conditions. 
Transfer EfficieDQy � Ozone Residual 
Tabulated values for transfer efficiency and ozone residual 
can be found in Appendix B. A canp:trison of transfer efficiency and 
ozone residual for the three ozone pilot systems is illustrated in 
Figures 19 and 20 respectively. 
Pieterick and Stoebner (1) show an increase in transfer ef-
f iciency with decrease in contact tine. 'Ibis treoo �n . be expected 
due to the continuous ozone demand exerted by increased rates of rat�
· 
Figure 19. 
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water constituents via decrease in contact tine . 'Itle Sioux Falls raN 
. groundwater suwly used by Schjodt (2) contained, 2 .6 �/1 soluble 
iron and 2 . 3  ng/1 soluble inanganese . The reversed phenanenon il­
lustrated by Schjodt (2)  in Figure 19 can be explained, in p:t rt, by 
the fact that the oxidation rate of nanganese is slower than i ron. 
Schjodt (2) had a laver transfer efficiency and yet a higher ozone 
demarrl; this is difficult to explain. The difference in efficiency 
between Pieterick and Stoebner (1) using the sarre raw water supply 
might be due to the differences in contactors . Stoetner used 2 
columns whereas only one column was used in the studies descr ibed 
-
herein. A lack · of efficiency in the ozone generator to manufacture � 
constant dosage of ozone or fluctuations in reM water constituents may 
be the explanations. 
Figure 20 illustrates a good correlation between Pieterick and 
Stoebner (1) . A decrease in contact tine yields an increase in ozone 
residual . An average ozone residual of 1 . 1  ng/1 was found leaving the 
contact column at a 2 .5-rninute contact tine. Schjodt (2 )  found no 
ozone residual remained after any of the given contact tines at a 4 
ng/1 ozone dosage . 'Ibis would also indicate that Schjodt should have 
had higher transfer efficiencies . 
eontact Column Effluent 
Iron and manganese data determined at different contact tines 
for an applied ozone dosage of 4 ng/1 are tabulated in Ap�ooix c. 
Ap�ooix D contains the statistical analyses. Tables · n1 and 02 shaw 
that the soluble iron and manganese concentrations in the ra, water 
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did not significantly differ with contact tine at the · 95% am · 9 9% 
confidence levels. Tables D3 and D4 show that the soluble iron am 
manganese concentrations in the contact colUIIU'l effluent did not sig­
nificantly differ with contact tine at the 95% and 99% confidence 
levels. 'lherefore, the reduction in contact tine fran 10 minutes to 
2 .5 minutes is not significant in the reduction of soluble iron and 
manganese . 
Figures 21 and 22 respectively illustrate the soluble i ron am 
manganese concentrations determined at the different contact tines for 
the three ozone pilot systans. At- a 4 ng/1 ozone dosage aoo all the 
given contact times, · the pilot systems were capable of reducing the 
soluble iron concentrations to below the 0 .3 ng/1 USPHS standard. 
Iron concentrations determined by Pieter ick were toore erratic ranging 
fran 0 .0 ng/1 to 0 .45 ng/1 for the 2 .5-minute aoo 5-minute contact 
tine rlins (refer to Tclble Cl) • Figure 21 clearly illustrates the 
poorer soluble iron removal efficiency of the �ieterick ozone pilot 
system at the 4 ng/1 ozone dosage . All three systems show little if 
any tre00 in soluble iron reduction with contact tine. 
Pieterick and Stoebner (1) correlate relatively well for 
soluble manganese ooncentrations leaving the contact colmnn as indi­
cated by Figure 22. With the exception of an outcrop at the 10  minute · 
contact tine for Schjodt (2)' , all three systems show an increase in 
solub1e manganese with decrease in contact tine. Statistics show the 
trems to be insignificant, but the trem of Pieterick ·shows a sharp. 
increase in soluble manganese as contact tine is reduced to less than· · 
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4 3  
5 minutes. 'Ibis is an indication that contact tines belCM fiye 
minutes may become a signficant factor . '!be average soluble manganese 
concentration of 0 .29  ng/1 leaving the column and the average ozone 
residual concentration of 1 .1 ng/1, both at the 2 .5-minute contact 
tine, indicate that the limits of effective contact tine may have been 
reached. 
Filter Effluent 
The iron and manganese concentrations in the filter effluent 
are tabulated in A�ndix C. Tables DS arXJ D6 show an analysis of 
variance on the total iron and manganese leaving the filter res�c­
tively. Statistics show the filter effluent for iron to be sig­
nificantly different at different contact tines at the 95% and 99% 
level of confidence . '!be 10-minute contact tine showed the highest 
concentrations exceeding the recomrrended standard.  Concentrations 
ranged fran 0 .25 ng/1 -to 0 .64 ng/1 and above. Contact tine had no 
significant effect on the filter effluent for manganese concentrations 
at the 95% and 99% level of confidence . 
'!be high concentrations of iron at the l G-minute contact tine 
may be attributed to the fact that the greensand was not fully r ipened 
in the first run.  KirscheiTOan (3) also showed po<?r i ron renoval 
characteristics for about the first 2 , 000 gallons filtered in the in­
tennittent regeneration mode or, in other wordS, the aeration, deten­
tion, and f il tr ation scheme. Both systems had ac�ptable manganese 
concentrations in the filter effluent to start with. · 
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Manganese concentrations occasionally exceeded the 0 .�5 ng/1 
. recomnerrled l imit . Slightly higher con�ntrations occur red in the. 
first samples collected for each run which were collected 30 minutes 
after KMnO 4 regeneration. Sane residual KMnO 4 may have been present 
in the samples collected initially. 
The nost econanical contact tine would be 2 .5  minutes. 
Figures 23 and 24 · resFectively sh<M the plotted iron and manganese 
values recorded for four consecutive days at the 2 .5-minute contact 
tine . With the exception of one total iron concentration, both the 
iron and manganese concentrations in the filter effluent fall within 
recomnerrled l imits .  Unlike the coal filter used by Stoebner (1) and . 
Schjodt . (2) , there were no signs of iron or manganese breakthrough in 
the dual media fil ter effluent prior to backwashing necessitated by 
head loss build-up. Therefore, in this syten, head loss is the con­
trolling factor, not filter breakthrough, in determining the duration 
of filter runs. 
Filter Performance 
Table Cl and Table C2 respectively show iron data and man­
ganese data collected throughout the filter media. '!he mean reduction 
in soluble iron fran 0 .22 ng/1 at the contact column effluent to 0 . 15 
ng/1 at the filter coal surface can be attributed to added detention 
with the ozone r esidual providing further oxidation. Soluble man­
ganese sh<Med no redu.ction between these two locations. 
'!be coal rredia was only capable of removing about one third 
( 4 .51 ng/1 to 3 .13 ng/1) of the insoluble iron floc . '!be insoluble 
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manganese values are erratic showing little signs of reductio� through 
. the coal . Soluble iron likewise showed little reduction. '!he soluble 
manganese decreased, on the average, fran 0 .29 ng/1 to 0 . 02 ng/1 
through the coal . '!he 93% reduction may be attributed to ad<Ed deten­
tion with ozone residual and autocatalytic effects created by Mn02 
precipitates in the coal . Media intermixing is a l ikely reason. 
Throughout this stuqy a relatively small soluble i ron and man­
ganese load was placed on the greensand leaving the media its oxidiz­
ing ca�city. The manganese greensand showed sane difficulty in 
reducing the iron to the same levels of nanganese ooncentrations, but 
overall, the greensand was ca�ble of removing 93% of the ozonized 
iron and manganese floc . 
Removal Efficiencies 
Table El and Table E2 of Appendix E, respectively campare the 
average iron and manganese removal efficiencies of the various pilot 
&ystans. '!be tabulated values indicated for Pieterick were using an 
ozone dosage of 4 ng/1 at a 2 .5 minute contact tine . The values used 
for Stoebner (1)  were taken fran the filter rerformance runs at an 
ozone dosage of 4 ng/1 and a contact tirre of 5 minutes pr ior to filter 
breakthrough . '!he values for Schjodt (2) were �en fran the filter 
rerformance run at an ozone dosage of 8 ng/1 and a oontact tine of 5 
minutes up until filter breakthrough occurred . · For Kirscherman, a 
cOntinuous KMnO 4 dosage of 4 rrg/1 was used for the continuous roode . 
For the intermittent mode , the values used were up Wltil contact bed 
mid-depth breakthrough of nanganese occur red. 
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Under these coooitions all of the pilot systems were �p:ible 
. of reducing iron aoo manganese by at least 93 .7% to within recornnerrled 
limits. 'Ibese values indicate typical renoval efficiencies urxler op­
timum or design conditions. Table El notes that Kirschenman (3 )  
oxidized 96 .6% of the soluble iron by aeration and removed 48 . 8% of 
the insoluble iron floc in the 2 .3 hour detention basin before filtra­
tion in the intermittent regeneration ·toode. CNer 96% of soluble iron 
for al l the �stems were oxidized before filtration. 
Excluding Kirschenrnan ' s  (3) intenmittent mode, no soluble man­
ganese load was placed on the greensand . Soluble manganese was 
-
reduced anywhere fran 1 .4% to 26 .8% through the ooal nedia. Most of . 
the reduction has been attributed to ozone residual and slow 
autocatalytic effects.  '!be 18 .6% soluble manganese reduction through 
the coal nedia in the aeration detention scheme used by Kirschennan 
indicates that coal may have same oxidizing capabilities . The author 
bel ieves however a considerable cuoount of greensand intermixed with 
the coal during · backwash o�rations biasing the results. 
Filter Head � 
Tabulated values for head loss at 0 .5,  12 and 24 rours since 
backwashing are presented in Ap�ooix F. Figure 25 shows total head 
loss developnent with respect to tine or gallons · filtered for the 
various pilot
_
�stems. Figure 26 illustrates the incremental head 
loss develo�d at·ter 24 lx>urs through the filter media for the various 
pilot systems. All of the �stans used a filter rate · of 2 gpn/ft2·. 
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Pieterick experienced the highest rate of total head _loss 
. accumulation: reaching 4 .5 feet in 12 rours; only an additional head 
loss of 0 .3 feet occurred at 2.4 rours .  Ki rscherman (continuous)  (3) 
also develop:d a high head loss accumulation but at a slower rate be­
cause he provided precipitation before filtration. '!be total head 
losses for the coal filters were less and ap�ared more l inear.  
Schjodt (2) showed higher head losses than Stoebner (1) probably be-
cause he had higher raN water manganese concentrations. Aeration, 
detention and coal/greensand filtration provided the lowest rate of 
head loss build-up. 
-
Figure · 26 illustrates that all the &ystans exper ienced their . 
highest head loss in the first three inches of media. Any head loss 
that occur red at the coal-water interface was due to bed expansion. 
The second highest loss was across the coal-greensand interface.. Bed 
expansion with respect to sample-tap location e�lains wh¥ Pieterick 
had the higher head loss above the coal-greensand interface instead of 
immediately below it as Kirschenman experienced. Finally, the inter­
mittent mode again illustrates the most desirable filter head loss 
. characteristics by evenly distributing the · head loss throughout the 
filter media. 
It is estimated that about 10 to 12 feet ·of filter freebroad 
would be needed to permit filter runs of three or four days between 
backwashes for the mangane� greensand at a 2 gpm(ft2 filter rate. 
Stoebner (1)  and Schjodt (2) determined the longest �ractical run for 
a coal filter would be 10  hours and 20 rours, res�tively, based on 
. j 
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filter breakthrough. 'Ibis would generate higher backwash frequencies 
and large volumes of backwash water . 
� Analysis 
An analysis was �rforned to determine if the conversion of 
the Brookings East Water Treatment Facility fran a chanical treatment 
plant to an ozone/greensand systan would be cost effective over the 
next 20  years. Figure Gl provides a flow diagram of the east water 
treatment plant. Canparison of oosts involved the construction and 
o�ration and maintenance of an ozone generation system including a 
contact chamber, and the purchase ..of greensand and labor to convert . 
the exisiting coal filters to dual rredia f ilters against the projected 
chanica! oosts using the present application rates of the existing 
facility . 
'!be optim.nn ozone dosage of 4 rrg/1 an:l the 2 .5 minute de terr. 
tion tlJIE were the values uSed in determining the required ozone gerr 
erator capacitY and contact chanber size. The. projected average flow 
for the next 2 0  years was estima.ted to be 3 f.GD (11, 350 m3 /day) given 
the 1984 total treated flow of 1 . 85 r-t;D (7 , 000 m3/day) aoo the exist-
. 
ing plant capacity of 4 M:;D (15,200 m3 /day) . Calculations in Ap�rdix 
G show an ozone generation capacity of 100 lb/day ( 45 . 5 kg/day) and a 
rontact charrber volume of 696 .3 ft3 (19 .  7 m3 ) are required. 
Cost curves develo:t:ed by the United States Envirormental 
Protection Agency (EPA) were used for estimating the ·cost of install­
ing and o�rating an ozonation process (18) • 'lbe use' of air as a · f�ed 
gas for the 1 00 lb/day ozone generator was considered in the EPA cost 
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data. · '!he manufactured equipnent for ozone generation included the 
gas prep1ration equipnent, ozone generator, dissolution equipnent, 
off-gas recycling equipnent, instrumentation and controls, and safety 
and monitor ing devices. All ozone generation equipnent was considered 
to be housed, bJwever in this case housing is provided. 'Iherefore, 
the portion of labor cost involved with housing was assllned to be the 
cost of materials am labor needed for constructing partitions in the 
existing recarbonation basin for the required contact chamber volume. 
A 10 J;er cent allowance was added to the construction cost for mis�l­
laneous items � contingencies. -
EPA assuned · that the process energy involved for ozone genera­
tion using air feed would be about 11 kw-hr/lb of 03 ( 24 kw-hr/kg of 
03 ) .  'Ib determine the annual energy cost, a 20 year average unit 
price of $0 .07/kw-hr was assumed. Labor requiranents for pe riodic 
maintenance of the generating equipnent were converted to annual cost 
using a labor rate of $12/hr. Based on manufacturer • s recannerrla­
tions, annual maintenance material expense is roughly 1 per cent of 
construction cost.  
'lbe EPA rost curves used were based on Octcber 197 8  pr ices. 
Cost indices published by Engineering Ne«s Record {19) and by the 
Bureau of rahnr Statistics (20) were used for updating ·the costs as 
illustrated in Tc:lble Gl .  'lbe · total cost of constructing the ozone · 
system is $299, 360 and the annual cost of o�ration am maintenance is 
$39 ,  150/yr as cxxnputed in Table G2 .  
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As shown in Table G3 ,  oorwerting the coal filters to 
coal/greensand filters will oost approximately $74 ,060 .  'ltlis oost in­
cludes: renoving the coal including the top 3 inches (7 .6 an) of sup­
port gravel, replacing the rE!OO\Ted gravel, adding 18 inches ( 46 em) of 
greensand, and capping the filter bed with 12 inches (30 an) of the 
existing anthracite coal .  No provisions for an air wash system were 
oonsidered needed. '!be cost of providing additional filter freeboard 
was also not included. Increasing an asslllled 8 feet (2 .4 neters ) of 
available head loss to 12 feet (3 .6 m) would involve about 10 cubic 
yards (7 .6  m3 ) of concrete with rebar. A 40 per cent labor and corr­
tingeocy cost is included. 
Table G4 shows the 1984 chenical feed rates used arx1 the 1984 
wrl.t oosts p:tid for the Brookings line softening plant. Using a 
projectea 20 year average flow of 3 Km alX1 a projected average infla- . 
tion factor of 25 per cent the annual average cost of chemicals is 
$71, 130/yr . 
The following oost analysis presented in Table 3 illustrates 
the feasibility of oomrerting the east water treatment plant to an 
ozone/greensand facil ity. The total oonstruction cost of $373 ,420 
was amortized over a 2D-year period for the various interest rates. 
'1be total annuity including the annual oost of ot:eration cud main­
tenance for the ozone syste!n i� then comiared to the projected annual · 
cost for chemicals for the existing plant. According to Table 3 the 
comrersion becomes cost effective at about 5 .5% rate of · interest 
(6 .5  cents per 1000 gallons tr_
eated) . Since this interest rate is 
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currently unattainable, this conversion would not be feasible� 
HcMever it should be pointed out that annual o�ration and maintenance 
costs for the aerator , chemical feed equipnent arrl upflow basin were 
not incorporated in this analysis.  Also any possible reduction in 
chlor ine demand due to ozonation was not ex>nsidered. IJhe inclusion of 
this information could raise the effective rate of interest to cur rent 
levels but the author bel ieves the annual gain would not be enough to 
offset possible contingency. 
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NOte: Tbtal construction cost = $299, 360 + 74 , 060 = $373,420 
Annual o�ration and maintenance oost = $39 , 150 
All calculations were based upon a 3 ltGD flow, 2 .5 minute con­
tact tine, and 4 ng/1 ozone dosage 
Projection. and r�ynent
. 
based on 20  years starting 1985 . 
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CDl«LUSIONS 
Based upon the investigations described herein, the following 
conclusions are made: 
1 .  ozone transfer efficiency ap�ars to increase with decrease in 
contact tine at an appl ied ozone dosage of 4 ng/1. 
2 . ozone residual in the contact column effluent increases with 
decrease in contact tine at an appl ied. ozone oosage of 4 ng/1. 
3 .  A reduction in contact tine fran 10 minutes to 2 .5  minutes did 
not significantly change the soluble iron and manganese con­
centration in the contact ooltunn effluent at an applied ozone 
dosage of 4 no/1. 
4 .  SOluble iron was reduced by 96 .7% and soluble manganese was 
reduced . by 72 .0% in the contact coltunn usi119 a contact ti.Jre of 
2 .5  minutes at atl applied ozone dosage of 4 ng/1. 
5 .  Manganese .greensand effectively renewed total iron and manganese 
floc to within USPHS drinking water starx1ards . 
6 .  Unlike the coal filter used by Stoetner (1) am Schjodt (2) ' 
there were ' no signs of iron am manganese · •breakthrough• in the 
greensam filter effluent. 
7 .  Relatively little soluble iron or manganese load was placed on 
the greensand leaving the media its oxidizing cap:1city. 
8 .  Within recamrended filter runs, al l  of the pilot systems were 
capable of reducing iron and manganese by at least . 93 .7% to 
within recomnemed l imits making ozone no more effective than 
potassilln Iermanganate under the given coooi tions. 
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9 .  'ltle greensand filters produood the most rapid increase in head 
loss, up to 4 .8 feet · in 24 hours in this stuqy. 
10 . Regardless of the filter media, the head loss accumulation 
through the filters was nonlinear with res�ct to media depth 
with the largest aiOOunt of head loss occurring through the coal . 
11 . Based on pr ices eooing the 1984 year, conversion of the Brookings 
East Water Treatment Facility fran a chemical treabnent plant to 
an ozone/greensanO systan would becane cost effective at a cur­
rently unattainable interest rate of 5 .5% .  
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REXDMl£Nnt\TIONS FUR FU'IURE S'IUDIES 
'!he following reoomnerdations are made for future studies in­
volving the ozone pilot plant. 
1 .  Contact tin-es below 2 .5 minutes should be investigated. 'Ibis can 
be accomplished by ranoving a section of the contact column to 
reduce its volume. 
2 .  '!'he constant-head tank should be oovered to avoid stripping ozone 
when using very short contact tines with high ozone residuals.  
'Ibis will preserve ozone for obtaining addi tiona! reductions of 
soluble iron and . manganese am reduce ozone levels in the areas 
near the pilot system that might otherwise cause i rritation to 
eyes -and throat membranes. 
3 .  A larger diameter pilot filter should be oonstructed to pre!Vent 
pirticle intermixing and entrappnent as a result of backwashing. 
4 .  '!be height of the pilot filter should be increased to provide more 
head loss so that a better estimate of the practical length of 
filter runs can be made. 
58 
LITERA'IURE CI'IED 
1 .  Stoebner, Richard A. , Ozonation of a Municipal Groundwater Suwly 
to Redure Iron, Manganese, a00 Trihalanethane, Masters thesis,  
South Dakota State University, Brookings, SD, (1980) . 
2 .  Schjodt, Steven L. , Ozonation of a Munjcig3.l Groundwater SUWlY 
to Redure Iron and Manganese, Masters thesis, South Dakota State 
University, Brookings, SO, ( 1983 ) .  
3 . Kirscherman, Terry, Manganese Greensand Contact Bed Filtration of 
a MuoiciJ;el Groundwater SuwJ,y For Iron and Manganese Removal, 
Masters thesis, South Dakota State University, Brookings, SD, 
(1983 ) .  
4 .  '!he American Water Works Association, Inc . , water Oual ity and 
Treatment, 'Ihird edition, McGraw-Hill Book Canp:my, (1971) . 
5 .  Cleasby, John L. , "Iron and Manganese Removal-A case Study" ,  
American water Works Association Journal, 147-149, {March 1975) . 
6 .  Clark, C .W./Viessnan , w. Jr./Hamrrer,  M.J. , Water Sumly and 
POllution Control, 'Ihird edition, Harper & Row, Publishers, 
{1977) . 
7 .  Faust, Samuel E. ; Aly, Osman M. , Chenjstcy of Water Treatment, 
First edition, Buttevworth Publishers, {1983) .  
8 • . Olson, Larry L. ; . TWardowski,  Charles J.  Jr . , •Fee03 vs Fe (0H) 3 
Precipitation in Water-Treatment Plants" , American Water Works 
Association Journal ,  lSD-153 , (March 1975) . 
9 .  Banner Associates, Brookings Wasteyater Treatment Facility 
Qpe{."ators Training, Tap: No. 10, Brookings, s:>. 
10 . Sanks, Robert L. , Water Treatment Plant Design, Fourth Printing, 
Ann Arbor Science Publishers, Ann Arbor, Michigan, ( 1982)  • 
11 . Kjos, D.J. ; Furgason, R. R. ; Edwards, L. L. , "Ozone Treatment of 
Potable Water to Remove Iron and Manganese" ,· First International 
�simn on Ozone for Water and Wastwater Treatment, 
· 
International Ozone Institute, Inc . , U&t, 194-202, · { 1975) . 
12 . Quail, Steven J. , 'lhe 'Effectiveness of Aeration and Potassium 
Permanganate Oxiclation and Filtration on Removal of Iron and 
Manganese from Groundwater, Masters thesis, South Dakota State 
University, Brookings, SD, ( 1980) . 
59 
13 . Sawyer,  Clair N. ; McCarty, Perry L. , Cbenistcy For Envitoi)Ilent;al 
Engineering , 'lhird edition, ltt:Graw-Hill Book Cool];any, ( 1978) . 
14 . Walpole, Ronald E. ; Myers, Pa.ynnoo H. , Probability am Statistics 
for Engineers and Scientists, Seoooo edition, Maanil lan 
Publishing Co .  , - Inc. 
15 . DeBoer, Delvin E. , Design. Construction and Performance 
Evaluation of an Ozonation Pilot Plant, Masters thesis, South 
Dakota State University, Brookings, so, (1980) . 
16 . standard Methods for the Examjnation of Water and Wastewater, 
14th edition, American Publ ic Health Association, Inc. , New York, 
(1975) . 
17 � Instruction Bulletin for Series 17'1'2000 Anperanetric Titrator, 
Fischer & Porter Co . , ( 1979) . 
18 . Gmnerrnan, R. C./CUlp, R.L./anP Hansen, S. P. , Estimating Water 
Treatment- Costs, Volmne 2 ,  Municipti Environnental Research 
Laboratory, Office of Research am Developnent, u. s. 
Enviromnental Protection Agency, Cincinna.ti, Ohio, August, 1979 . 
19 . 8ENR Market Trems• , Engineering News Record, October 197 8  am 
January -l-985 issues. 
20 . Producer Prices and Price Indexes, U. S. Dept . of Labor, Bureau of 
Labor Statistics, October 1978 and October 1984 documents. -
APmNDIX A 
EXPERIMENTAL C'ALOJIATIONS 
OWNE PllDT PIANr PERFO� DATA 
GENERAL INFOIM\TI�l 
Date Run Nurrber 
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-----
Approximate Ozone IX>sage rrg/1 
Detention Time rnin 
:Barcm2tric Pressure in Hg x 13 . 6 = in H2o -------- --------
X . 4 912= psi -----
OZONE GINEAA'IDR 
Number of Tubes ------ Percent Voltage % -----
Generator Pressure psi Volts ---- ------
OZONIZED Gl\.5 FJL1I.J RATE 
Rota:rreter Flc:M Pates : Maxilnum Flow Rate = 1 . 1 cfm -----
Contactor #1 30 % of max flow = . 33 cfm 
Contactor #2 - % of max flc:M = cfm · ----
P1 = Adjusted Pressure = Gauge Backpressure (;.... _ __ -Jpsig) + 
Bararretric Pressure ( psi) = ----ipsia 
P2 = St:amardizing Ga�e Pressure �tandard Pressure = 14 . 7  psia 
Cp = Pressure Correction Factor � P2 = 
_ 
· 
T1 = Oronized Air Tanperature = Op = 459 . €?  = 0R 
T 2 = Standardizing Gauge Te!'rperature = 700p + 4 59 . -f? = 529 . fPR 
T3 = Standard Terrperature = 7'Pf' + 459 . � = 536 . �R 
Ct = Tanperature Co=ection FaCtor = � �2 ( :3 ) = -----. . . 1 2 
. 
Corrected Flow Rate = (Flow Rate) (CP) (Ct ) 
�n�ctnr #l cfu. 
----




OZONE CD�TION IN SUPPLY Gl\S 
Wet Test Meter: Final Reading 
------
- Initial Reading 
-----
v1 = Gas Volure = 4 liters 
Tl = Meter Tallperature = °C X � + 32 + 4 59 .  6 = 0R 
T2 = Standard Temperature = 770p +_ 4 59 . �  = 536 . �R 
Ct = Temperature Correction Factor = T2;'T1 = 
-----
Pb = Bararetric Pressure _____ in H2o 
P = Meter Manc:m=t:.erf)eflection in H2o . rn 
Pv = Water Va:fX)r Pressure ---------- in H20 
P2 = Standard Pressure = 1 atnnsphere = 406 . 8 i,n H2o 
Cp = Pressure Correction Factor = P1/P2 = 
-------
v2 = Gas Voll.I're �rrected to STP = (V1) (Ct) {Cp) = ----- liters 
N = tbnnality of Sodium 'Ihiosulfate Titrant 0 . 10 
Titration: Final Buret Reading 
-----
- Initial Buret Reading 
-----
. ml titrant = · 
wt o3 = (N) (ml titrant) ( 24 )  = ----- mg 03 Wt 03 
Ozone Concentration = V = r.g Oyliter of .air 2 
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Percent Orone by Weight = (Ozone Concentration) ( 0 . 084 3) = Wt % 
OZONE PK>OOcriON 
· Ozone Production = Corrected Air Flow :Rate c:fm) x Orone ---
Concentration ( __ ng/1) x 0 . 0 89944 = ____ lb 03/day 
APPLIED OWNE OOSAGE 
0 11 H 0 0_  11 . (air flow rate (cfrn) ) ng 3 2 = ng :.¥ - au water flow . rate ( cflri) 
Ozone Ibsage to Contactor #1 _____ ng 0311 H2o 
Ozone JX>sage to Contactor #2 _____ ng 0311 H20 
OWNE CDNCENI'RATION IN 0� 
Wet Test Meter: Fincil Reading ------




= Gas Volurre 4 liters 
v2 = Gas 'blure Corrected to STP = (V1 ) (Ct) (�) = ___ liters 
N = N:>nnality of Sodiun 'Ibiosulfate Titrant 0 . 10 
Titration : Final Buret Reading 
- Initial Buret Reading -----
ml of Titrant 
Wt 03 = (N) (ml of titrant) ( 24 )  = ----- ng 0 3 
Wt 0 3  
Ozone Concentration = v 
2 
O:WNE I.DSS VIA OFFC-J\.5 
= ____ ng 0311 _of air . 
. liters Offgas FlCM Pate = . ( sec ) ( 60)  ( . 0353) = ____ cfm 
Corrected Gas Flow Pate = (Offgas Flow Rate) (Ct) (�) = ---'--- cfm · 
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Ozone Loss = Cbrr . Gas Flow Rate x Ozone Cbnc . in Offgas x 0 . 089944 
= ----- lb 03/day 
OONrACTING EFFICIENCY 
Efficiency = (Ozone Pnxluc
tion ( lb/day) -ozone Loss ( 
Ozone Production ( lb/day) 
= % ----
ABSORBED 07DNE OOSE 
Absorbed IX>se = (Applied Ibsage) (Contacting Efficiency) 
OZONE RESIIl.JAL 
Semple Vol 'Llr£E = . 200 ml H 0 -2 
N:>nnality of PK> Titrant = 0 . 00564 
Arrperclretric Ti trator: (Back Titration) 
' K '  Factor of Iodine = -----
lb/day) ) 100 % 
Ozone Residual = ( 10 ml PK> Added - K x ml Iodine) X 0 .  677 
07DNE DlliAND 
Ozone Denand = Absorbed 02nne Ibse - Orone Residual ___ rrg 0311 H2o 
AP:ffiNDIX B 
'IRANSFER EFFICIENCY AND OZONE RESIDUAL 
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Table B1 . 'IRANSFER EFFICIEOCY AND OZONE RESIDUAL . 
Detention Tine 
(minutes) 
2 . 5 
5 . 0 
10 . 0  
Efficiency 
(% )  
96 . 1 
96 . 1 
95e9 
95 .9  
94 .9  
94 .9  
93 .5 
94 .4  
86 . 1  
86 . 1 
88.9 
87 . 0  
tt>te: App1 ied ozone do se  a t  4 ng/1 
Ozone Residual 
(ng/1) 
1 . 10 
1 . 10 
1.07 
1 . 09 
0 .65 
0 . 80 
0.74 
0 . 73 





mON AND �SE mTA 
Table Cl.  'lUl'AL AND SOLUBLE IR:N 0!\TA USIN; AN APPLIED OZCNE IXl)E CF 4 mg/1 
Contact Filtrate Tirre Coo tact Coal Coal ·S1B1ple Smp1e Sarrple Sanp1e Smt>le Cbntact 
Date .Tirre Vol�.�re Since Raw colum Surface Greensand Tap Tap Tap Tap Tap Bed 
1984 (min) (gal) Backwash Water Effluent Influent Interface 7 8 · 9 10 1 1  Effluent 
(hrs) T s T s T s T s T s T s T s T s T s T s 
3/31 12 0 . 5 4 . 0  3. 2 6. 4 0. 01 4 . 2  0 . 04 0 . 4 5  0 . 12 0 . 2 8  1 . 0  0 . 25 0 . 31 0 . 34 0 . 09 0 . 01 0 . 15 0 . 31 0 . 07 0 . 64 0 . 79 
4/1 56 5 9 . 8  4 . 5 5 . 3  0 . 26 • 0 . 52 0 . 56 0 . 06 0. 54 0 . 07 0 . 09 0 . 04 0 . 1 5  0 . 02 0 . 20 0 . 1 5  • 0 . 94 
4/2 10 1 , 130 9 . 0  4 . 3  3 . 9  6 . 2  0 . 10 4 . 2  0 . 09 • 0 . 34 • 0 . 10 • 0 . 26 O . U.2 0 . 02 0 . 18 0 . 06 0 . 10 0 . 04 0 . 43 0 . 2 3 
4/3 1 . 695 1 1 . 0  4 . 3 3. 7 5 . 1  0 . 1 2  4 . 3 0 . 14 • 0 . 14 • 0 . 01 3 . 2  0 . 14 • 0 . 02 0 . 72 0 . 29 0 . 23 0 . 07 0 . 25 0 . 17 
4/4 2 , 260 12. 3 5. 3 4 . 2  6 . 2 0 . 18 4 . 5  0 . 10 6 . 2 0 . 25 6 . 7  0 . 10 2 . 4  0 . 06 0 . 52 0 . 06 0 . 4 2 0 . 07 o . 26 · o . o6 0 . 40 0 . 29 
x 4 . 48 3 . 75 5 . 84 0 . 15 4 . 30 0 . 09 0 . 27 0 . 25 0 . 17 0 . 05 0 . 30 0 . 12 0 . 22 0 . 08 0 . 48 
s o. 49 o. 4 2  0. 59 0 . 07 0 . 14 0 . 04 0 . 16 0 . 42 0 . 11 0 . 03 0 . 28 0 . 11 0 . 08 0 . 04 0 . 35 
5/30 12 0. 5 5. 0 3 . 9  4 . 5  0. 00 3 . 9  0. 29 1 . 2  0 . 07 . 0 . 7  0 . 07 0 . 26 0 . 20 0 . 47 0 . 26 0 . 37 0 . 45 0 . 53 0 . 29 0 . 12 0 . 69 
5/31 565 22 . 8  3 . 9  3. 4 4 . 7  0. 45 3 . 7 0 . 07 5 . 6  0 . 10 4 , 5  I 0 . 04 2 . 8  0 . 1  0 . 10 0 . 31 0 . 12 0 . 15 0 . 18 0 . 04 0 . 04 0 . 07 
6/1 5 1 , 130 20. 6 4 . 5  3 . 5  4 . 0  0. 80 4 . 5  0 . 30 4 . 0  0 . 10 2 . 0  0 . 10 2 . 0  0 . 10 2 . 0  0 . 20 0 . 65 0 . 20 0 . 40 0 . 0 4 0 . 10 0 . 20 
6/2 1 , 695 20. 8 4 . 0  4 . 0  5. 0 0 . 20 4 . 5  0 . 15 3 . 0  0 . 04 8 . 5  0 . 04 5 . 0  0 . 15 3 . 0  0. 10 0 . 65 0 . 10 0 . 15 0 . 1  0 . 04 0 . 15 
6/3 2 , 260 24. 7 4 . 2  4 . 2  0 . 2 5 4 . 2 0 . 13 1 . 6  0 . 07 6 . 5  0 . 07 5 . 3  0 . 1 3 4 . 2  0 . 07 1 . 2  0 . 0 7 0 . 3  0 . 13 0 . 19 0 , 1 3 
x 4 . 32 3 . 80 4 . 55 0 . 34 4 . 16 0 . 19 3 . 08 0 . 08 4 . 4 4 0 . 06 3 . 07 0 . 14 1 . 95 0 . 19 0 . 60 0 . 19 0 . 31 0 . 12 0 . 10 0 . 25 
s 0. 44 0 . 34 0 . 42 0 . 30 0 . 36 0 . 10 1 . 80 0 . 03 3 . 19 0 . 03 2 . 11 0 . 04 l . ll2 0 . 10 0 . 40 0 . 15 0 . 16 0 . 10 0 . 06 0 . 25 
6/5 12 0. 5 5. 3 4 . 5  5 . 3  0 . 20 5 . 8  0 . 24 1 . 1 0 . 00 1 . 0  0 . 1 0 . 92 0 . 10 o. 77 0 . 05 0 . 30 0 . 05 0 . 20 0 . 05 0 . 05 0 . 01 
6/6 565 24 . 6  4 . 3 3 . 9  4. 3 0 . 34 5. 8 0 . 20 7 . 7  0 . 1  6 . 8  0. 39 3 . 4  0 . 05 0 . 5  0 . 05 0 . 30 0 . 00 0 . 20 0 . 00 0 . 05 0 . 00 
6/7 2 . 5 . 1 , 130 22 . 7  5 . 0  5 . 0 . 5 .  5 o . oo 4 . 5 0 • .  10 3 . 0  0 . 1  10. 5 0 . 7 5 5 . 5  0 . 05 3 . 0  0 . 05 0 . 97 0 . 10 0 . 35 0 . 05 0 . 35 0 . 05 
6/8 1 , 695 2 5 . 0 5 . 1 5 . 1 4 . 5  0 . 16 4 . 5  0 . 10 0 . 62 0 . 10 0 . 98 0 . 0 5  3 . 9  0 . 05 2 . 2  0 . 05 0 . 90 0 . 0 5  0 . 16 0 . 05 0 . 10 0 . 05 
6/9 2 , 260 2 4 . 0  4 . 0  4 . 0  4 . 5  0 . 4 5  4 . 5  0 . 10 0 . 20 10. 5 0 . 1  5 . 0  0 . 15 3 . 5  0 . 05 1. 25 0 . 1 0 . 3 0 . 1 0 . 15 0 . 15 
x 4 . 74 4 . 50 4 . 82 0 . 2 3 5 . 02 0 . 15 3 . 10 0 . 10 5 . 96 0 . 28 3 . 74 0 . 08 1 . 99 0 . 05 0 . 74 0 . 06 0 . 24 0 . 05 0 . 14 0 . 05 
s 0 . 56 0. 5 5  0. 54 0 . 17 0. 71 0 . 07 3 . 32 0 . 07 4 . 78 0 . 30 1 .  79 0 . 04 1 . 33 0 . 00 0 . 4 3 0 . 04 0 . 08 0 . 03 0 . 12 0 . 06 
�an x 4 . 51 4 . 04 5 . 11 0 . 22 4 . 51 0 . 1 5 3 . 13 0 . 15 4 . 58 0 . 20 2 . 89 0 . 1 3  1 . 49 0 . 09 0 . 55 0 . 12 0 . 26 0 . 08 0 . 21 0 . 26 
Standard Deviation s 0 . 50 0. 55 0 . 76 0 . 20 0 . 60 0 . 08 2 . 47 0 . 1 3 3 . 88 0 . 29 1 . 9 1 0 . 08 1 . 45 0 . 09 0 . 40 0 . 12 0 . 11 0 . 07 0 . 18 o .  30 
T - total 
S - soluble 
• - numbers out of range of curve > 10 ppm 
� 
00 
Table C2 . 
COntact Filtrate Tine 
Date Ti.Jre Vo1ure Since Raw 
1984 (min) (gal) Backwash Water 
(hrs) T s 
3/31 12 0 . 5  0. 70 0 . 57 
4/1 56 5 9. 8 0 . 62 
4/2 10 1 , 130 9 . 0  0 . 70 0 . 55 
4/3 1 , 695 11 . 0  0 . 66 0 . 60 
4/4 2 , 260 12. 3 0 . 80 o .  72 
x 0 . 70 0 . 61 
s 0. 07 0 . 08 
5/30 1 2  0 . 5 0. 70 0 . 50 
5/31 565 22. 8 0 . 50 0. 60 
6/1 5 1 , 130 20. 6 0 . 80 0 . 90 
6/2 1 , 695 20 . 8  0 . 80 0 . 80 
6/3 2 , 260 2 4 . 7 0. 80 0. 70 
x o. 72 0 . 69 
s 0. 13 0 . 13 
-
6/5 12 0. 5 1 . 0  0 . 9 
6/6 565 24 . 6  0 . 80 0. 7 
6/7 2 . 5  1 , 130 2 2 . 7 1 . 0  0. 9 
6/8 1 , 69 5  25 . 0  0. 8 0 . 8  
6/9 2 , 260 24 . 0  0 . 8  0. 8 
x 0. 88 0. 82 
s 0. 1 1  0. 08 
Mean X 0. 77 o. 71 Standard Deviation s 0 . 13 0 . 13 
T - total 
S - Soluble 
'IUI'AL NID SOLUBlE MANGANF.SE Jll\TA USING 1\N APPLIED OZOOE !Xm: OF 4 ng/1 
COntact Coal COal 5�1e S51t>1e Sanp1e 
C011.1ltl Surface Greenszmd Tap Tap Tap 
· Effluent Influent Interface 7 8 9 
T s T s T 5 T 5 T s T 5 
0. 87 0 . 08 0 . 58 0 . 09 0 . 00 0 . 04 0 . 15 0 . 03 0 . 31 0 . 02 0 . 08 0 . 08 
0 . 74 0 . 11 0 . 38 0 . 01 0 . 01 0 . 00 0 . 03 0 . 00 0 . 03 0 . 02 
0 . 89 0 . 07 • 0 . 59 0 . 08 o .  72 0 . 02 0 . 71 0 . 00 0 . 3 8  0 . 00 0 . 02 0 . 02 
o. 72 0 . 08 0 . 60 0 . 07 4 . 6  0 . 03 3 . 8  0 . 00 0 . 45 0 . 01 0 . 40 0 . 00 
0 . 75 0 . 08 0 . 66 0 . 08 0 . 70 0 . 03 1 . 0  0 . 01 0 . 00 0 . 00 0 . 08 o . oo 
0 . 79 0 . 08 0 . 61 0 . 08 1. 28 0 . 03 1 . 1 3 0 . 01 0 . 23 0 . 01 0 . 12 0 . 02 
0 . 08 0 . 01 0 . 04 0 . 01 1 . 88 0 . 01 1 . 54 0 . 01 0 . 21 0 . 01 0 . 16 0 . 03 
0 . 30 0 . 13 0 . 50 0 . 10 0 . 18 0 . 01 0 . 10 0 . 01 0 . 04 0 . 02 0 . 09 0 . 01 
0 . 50 0 . 15 0 . 50 0 . 10 0 . 50 o . oo 0 . 4 5  0 . 00 0 . 30 0 . 00 0 . 04 0 . 01 
0 . 40 0 . 15 0 . 50 0 . 17 0 . 60 0 . 09 0 . 45 0 . 07 0 . 36 0 . 02 0 . 30 0 . 03 
0. 70 0 . 15 0 . 70 0. 20 o . ss 0 . 0 2 1 . 4 I 0 . 0 1  0 . 66 0 . 01 0 . 3� 0 . 01 
0 . 60 0 . 10 0 . 90 0 . 20 0 . 30 0 . 02 0 . 85 0 . 0 3  0 . 68 0 . 02 0 . 6  0 . 02 
0 . 50 0 . 14 0 . 62 0 . 15 0 . 43 0 . 03 0 . 65 0 . 03 0 . 41 0 . 01 0 . 28 0 . 02 
0. 16 0 . 02 0 . 18 0 . 05 0 . 18 0 . 03 0 . 50 0 . 0 3 0 . 27 0 . 01 0 . 24 0 . 01 
1 . 0  0 . 27 1 . 1  0 . 20 0 . 14 0 . 02 0 . 12 0 . 03 0 . 08 0 . 02 0 . 04 0 . 02 
0 . 80 0 . 06 0 . 70 0 . 04 1 . 1  0 . 01 0 . 88 0 . 02 0 . 35 0 . 01 0 . 1 3 0 . 01 
1 . 3  0 . 01 0 . 8  0. 08 0 . 36 0 . 02 1 . 3  0 . 20 0 . 70 0 . 02 0 . 35 0 . 02 
0 . 80 0 . 52 0 . 60 0 . 37 0 . 08 0 . 01 0 . 1  0 . 0 1 0 . 38 0 . 01 0 . 21 0 . 02 
0·. 80 0 . 60 0 . 60 0 . 4 5  1 . 1  0 . 01 0 . 36 0 . 01 0 . 19 0 . 01 0 . 11 0 . 02 
0 . 94 0 . 29 0. 76 0. 23 0 . 56 0 . 01 0. 5 5  0 . 05 0 . 34 0 . 01 0 . 17 0 . 02 
0. 22 0 . 26 0 . 21 o: 1 8  0 . 51 0 . 01 0 . 52 0 . 08 0 . 24 0 . 01 0 . 12 0 . 00 
0 . 74 0 . 17 0 . 67 0 . 29 0 . 75 0 . 02 0 . 78 0 . 0 3 0 . 33 0 . 01 0 . 19 0 . 02 




T 5 T s 
0 . 19 0 . 29 0 . 06 0 . 04 
0 . 04 0 . 02 0 . 05 0 . 02 
0 . 05 0 . 01 0 . 03 0 . 02 
0 . 13 0 . 0 1 0 . 04 0 . 01 
0 . 06 0 . 00 0 . 0 3 0 . 01 
0 . 09 0 . 07 0 . 04 0 . 02 
0 . 06 0 . 12 0 . 01 0 . 01 
0 . 04 0 . 01 0 . 05 0 . 01 
0 . 02 0 . 01 0 . 02 0 . 01 
0 . 11 0 . 03 0 . 04 0 . 02 
0 . 12 0 . 02 0 . 03 0 . 02 
0 . 24 0 . 02 0 . 07 0 . 02 
0 . 11 0 . 02 0 . 04 0 . 02 
0 . 09 0 . 01 0 . 02 0 . 01 
0 . 03 0 . 02 0 . 04 0 . 02 
0 . 05 0 . 02 0 . 04 0 . 03 
0 . 11 0 . 15 0 . 07 0 . 03 
0 . 11 0 . 02 0 . 04 0 . 0 3 
0 . 07 0 . 02 0 . 0 3 0 . 02 
0 . 07 0 . 05 0 . 04 0 . 03 
0 . 03 0 . 06 0 . 01 0 . 10 
0 . 09 0 . 04 0 . 04 0 . 02 





0 . 09 0 . 08 
0 . 01 0 . 05 
0 . 01 0 . 01 
0 . 04 0 . 01 
0 . 05 0 . 01 
0 . 04 0 . 03 
0 . 03 0 . 03 
0 . 08 0 . 07 
0 . 0 4 0 . 03 
0 . 07 0 . 06 
0 . 04 0 . 04 
0 . 05 0 . 04 
0 . 06 0 . 05 
0 . 02 0 . 02 
0 . 05 0 . 04 
0 . 0 5  0 . 04 
0 . 04 0 . 0 4  
0 . 03 0 . 04 
0 . 03 0 . 04 
0 . 04 0 . 04 
0 . 0 1 0 . 00 
0 . 05 0 . 04 





Table Dl . ANALYSIS OF VARIAN� OF RAW WA'IER 
SCLlBLE IRON <X>taNI'RATIONS 
Source of SUm of Degrees of Mean Cootputed 
Error Squares Freedom Squares F 
Days 0 . 674 4 0 .168 0 .77 
Contact Tim? 1 . 762 2 0 . 881 4 .oils 
Error 1 .534 7 0 .219 
Total 3 .970 








Table D2 . ANALYSIS OF VARIAN� OF RAW WATER 



















0 . 68  
4 .74ns 
ns - no significant difference in raN water at 99% level of confidence 
72 
Table D3 . ANALYSIS OF VARIANCE OF CDNI'AC!' CDLUMN EFFL� 
SCLtBLE IRON CDNC»lmATIONS 
Source of SUm of Degrees of Mean Canputed 
Error Squares Freedom Square F 
Days 0 . 143 4 0 . 036 0 .78  
Contact time 0 . 095 2 0 . 047 1 . 02ns 
Error 0 .366 8 0 . 0 46  
Total 0 .6 04 
ns - no significant difference in treatment at 95% or 99% level of 
confidence 
Table 04 .  ANALYSIS OF VARIANCE OF CDNI'ACT CDL� EFFLUENI' 
SOLtBLE �SE CDraN!'RATIONS 
Source of SUm of Degrees of Mean Canputed 
Error Squares Freedom Squares F 
Days 0 .080 4 0 . 020 0 .80 
Contact time 0 .120 2 0 . 060  2 .4ons 
Error 0 .198 8 0 . 025 
Total 0 .398 




Table DS . ANALYSIS OF VARIANa! OF FILTER EFFLUENT 
'!UrAL IRON CDtaNI'RATIONS 
SUm of Degrees of �an Canputed 
Squares Freedom Square F 
0 . 056 4 0 . 014 1 . 00 
73 
Contact tine 0 .326 2 0 . 160 11 . 43** 
Error 0 . 100 7 - 0 .014 
'lbtal 0 . 4 82 
**significant difference in filter effluent at 99% level of confidence 
Table 06 .  ANALYSIS OF VARIANCE OF FIL'IER EFFLUENT 
'!UrAL MAN:;ANESE OONCENTRATIONS 
Source of .SUm of Degrees of Mean Canputed 
Error Squares Freedom Square F 
Days 0 . 0031 4 0 . 0008 2 .00 
Contact tine 0 . 0009 2 0 . 0005 1 .2sns 
Error 0 . 0030 8 0 .0004 
'lbtal 0 . 0070 




AVERN:iE moo AND MAN:iANESE REMJVAL 
'IHRClX;H PILOT SYSTEMS 
Table El .  AVERAGE . IRON REMNAL 'll!IDUGi PIIDT SYSTEMS 
I I 
Kirscherman 
Piei;erick Stoebner Schjodt ( Cbntinoous) ( Intenni ttent) 
Fe Fe · Fe Fe Fe 
Sanple IDeation (ng/1) T s T s T s T s T s 
Raw Water 4 . 74 4 . 50 4 .  54 4 . 25 3 . 9  2 . 60 4 . 4 4 � 3  4 . 3  4 . 1 
Filter Influent 5 . 02 0 . 1 5 4 . 3  0 . 0 3 3 . 7 0 . 0 2 2 . 7 0 . 0 6 2 . 2 0 . 14 
· Media Interface 3 . 10 0 . 10 1 . 4  0 . 0 3 0 . 9 6  0 . 10 
Filter Effluent 0 . 14 0 . 0 5 0 . 24 0 . 0 3 0 . 0 3 0 . 0 2 0 . 0 7 0 . 04 0 . 09 0 . 0 8 
Iron Rerovals ( %) 
Paw Water 
Filter Influent -5 . 9  96 . 7  5 . 3 99 . 3  5 . 1  99 . 20 3 8 . 60 9 8 . 6 4 8 . 8· 96 . 6  
Media Interface 4 0 . 5 1 . 1 29 . 50 0 . 7  2 8 . 81 1 . 0. 
Filter Effluent 62 . 4  1. 1 89 . 4  0 9 4 . 1  0 30 . 20 -0 . 2  20 . 2  0 .  5· 
'lbtal Relnval 97 . 0  9 8 . 9 94 . 7  99 . 3  9 9 . 2  99 . 2  9 8 . 4 9 9 . 1  9 7 . 8 9 8 . 1  
T - total 
S - soluble 
....... 
U1 
Table E2 . 
Pieterick 
Mri 
Sanple Location (mg/1 )  T s 
Raw Water 0 . 88 0 . 82 
Filter Influent 0 . 76 0 . 23 
· Media Interface 0 . 56 0 . 01 
Filter Effluent 0 . 04 0 . 04 
Manganese Rerovals ( % )  
--
Raw Water 
Filter Influent 13 : 6  72 . 0  
Madia Interface 22 . 7  2 6 . S. 
Filter Effluent 59 . 1  -3 . 7 . 
'lbtal Reroval 9 5 . 4 9 5 . 1 
T - total 
S - soluble 
AVERAGE f\�lESE REMJVAL THroUGH Pnar SYSTEM; 
Kirschennan 
Stoebner Schjodt (Continoous) ( Inte.rmi ttent) 
Mn Mn Mn Mn 
T s T s T s T s 
0 . 64 0 . 64 2 . 3 , 2 . 3  0 . 6  01. 6  0 . 59 0 . 59 
� 
0 . 6 7 0 . 0 8  2 . 3  0 . 1 8  1 . 7 0 . 0 8 0 . 58 0 . 55 
. 0 .  71 0 . 01 0 . 4 5 0 . 44 
0 . 04 0 . 01 0 . 0 2 0 . 01 0 . 0 2 0 . 01 0 . 01 0 . 01 
-4 . 7  87 . 5 0 92. 2 . -1 83 . 3 86 . 7  1 . 7  6 . 8  
16 5 . 0 11 . 6 . 2 2 . 0 1 8 . 6  
9 8 . 4  10 . 9  99 . 1  7 . 4 ' 1 1 5 . 0  0 74 . 6  72 . 9  




FIL'IER HEAD LOSS 
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- Table Fl . Sl'ATIC HEAD ABCNE '!HE EFFLUENT WEIR 0 � 5 IIIJRS 
AFl'ER BACRWASH 
Sample Average 
Tap Location Head Loss 
1 Above Filter  Media 2 .50 2 .42  2 . 46 
2 SUrface of Coal 2 .50 2 .37 2 .43 
3 2 .42 2 .2 9  2 . 35 
4 2 .29 2 .17 · 2 .23 
5 2 . 13 2 . 04  2 . 08 
6 Coal Greensand Interface 1 . 83 1 . 83 1 . 83 
7 1 .50 1 .5 8  1 .54 
8 1 . 17 1 .29  1 . 23 
9 0 . 83 1 .0 0  0 . 91 
10 0 . 54 0 .62 0 . 58  
11 . 0 . 25 0 .29  0 . 27 
12 Bottan of Contact Bed 0 . 00 0 . 00 0 . 00 
Filtration rate 2 gpm/ft2 , 6 inch (15 em) diameter f ilter 
79 
Table F2 . STATIC HEAD AOOlE 'mE EFFLtJENr WEIR 12 . IDJRS 
� BACRWASH 
Sample Average 
Tap Location Head Loss 
1 Above Filter Media 4 .50 4 . 50 4 .50  4 .50  4 .50  
2 SUrface of Coal 4 . 00 4 .50 4 . 33 4 . 37  4 . 3 0  
3 2 .79  2 .87 3 .04  2 .83 2 . 88 
4 2 . 08 2 �04 2 .25 2 .17 2 . 13 
5 1 .62 1 .46 1 .67 1 . 5 8  1 .5 8  
6 Coal Greensand Interface - air air air air air 
7 1 . 00 0 . 87 0 . 96 0 . 96 0 .95 
8 0 . 83 0 .71 0 . 79 1 . 08 . 0 . 85 
9 0 . 67 0 .54 0 .62  0 .5 8  0 .6 0  
10 0 .50 0 .37 0 . 46 0 .42  0 .44  
11 0 .33 0 .21 0 .29 0 . 29  0 .28  
12 Bottan of Contact Bed 0 . 08 0 . 04 0 . 04 0 . 08  0 . 06 
1Filtration rate 2 gpm/ft2 , 6 inch (15 em) diameter filter 
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Table · F3 . STATIC HEAD ABOJE '!BE EFFLUEN.r WEIR .24  IOJRS 
AFTER BACRWASH 
Sample Average 
Tap Location Head Loss 
1 Above Filter Media 4 .75 4 .87 4 . 79 4 .7 1  4 .  7 8  
2 SUrface of Coal 3 . 17 3 . 12 3 .46 3 . 21 3 . 24 
3 2 . 08 1 .92 2 . 12 2 . 0 0  2 . 03 
4 1 .42 1 .25  1 . 33 1 .25  1 .31  
5 1 . 00 1 . 08 1 . 08 1 . 12 1 . 07 
6 Coal Greensand Interface - 0 .75 0 . 54 0 .67 0 . 5 8  0 .63  
7 0 .54 0 .46 0 . 46 0 .67  0 . 53 
8 0 . 46 0 .42  0 .42 0 . 33 . 0 . 41 
9 0 . 37 0 .33  0 . 33  0 . 33 0 . 34 
10 0 . 33 0 .29  0 . 29 0 . 29  0 . 30  
11 0 . 25 0 .25  0 .25 0 . 25 0 .25 
12 Bottan of Contact Bed 0 . 12 0 .21 0 .21 0 .21 0 . 19 
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" 
Recartxma tion __. Fil ters 
Basin .. 
' l FltX>ride --. 
C02 Chlorine 1 
( oo  longer used) . .. 
�table Water Clear 











. Treatment plant cap:lcity = 4 KID 
1984 flow treated = 1 . 85 KID 
Projected 20 year average flow = 3 M;D 
Applied ozone dosage = 4 mg/1 
Contact time = 2 . 5  mdnutes 
Required Ozone Generation cap:lcity = ( 8 . 34) (M;D) (mg/1) 
= ( 8 . 34)  (3) (4)  
= 100 lb/day ( 45 . 5  kg/day) 
Required Contact Chamber. Volmne = -
( 3 , 000, 000 gal/day) (2 . 5  min) 
. 
( 7  . 48  gal/ft
3 ) (1440 min/day) 
= 696 . 3 ft3 
Available Recarbona.tion 
Basin Volume = 43 x 19 x 12=9 , 804 ft3 ( 27 7 . 4  m3 ) 
Filter Area = 4 ( 14 x -26 ) = 1456 ft� (135 .3 nf) 
Required Green� = 1 . 5  ft x 1456 ft2 
= 2 , 200 ft3 (62 m3 ) 
Required Gravel Base = 0 .25 ft x 14562 
= 370  ft




Table Gl . CDMRJTATION OF OO�UPIATIN3 INDICIES 
Oct . 
1978 
Cost Component Cost Index Index 
Manufactured BLS General Purpose 221 .3  
Equipnent �chinery and Equip. 
Labor - ENR Wage Index 247 .0  
for Skil led Labor 
Maintenance BLS Producer Price 199 .7  
Materials Index for Finished 
Goods 
Note: ENR = Engineering NewS Record 




376 . 8  
291 .6 




1 . 43 
1 .53 
1 . 46 
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Miscellaneous and Contingency 
( 10% of subtotal ) 
'Ibtal Construction Cost . 
Operation and Maintenance Cqst: 
Maintenance Materials 
Cost as of 
October 1978 
(dollars )  
152, 350 
35 , 410 
187 , 760 
18, 780 
206 ,540 
2 , 800  
Cost Ending 
Updating 1984 
Index (dollars )  
1 .43 217 , 96 0  
1 .53 54, 180 
272 , 140 
27 , 220 
$299, 360 
1 .46 4 , 090/yr 
Electrical Energy ( 401, 500 kw-hr/yr) ($0 . 07/kw-hr) 28, 100/yr 
Labor (580 hr/yr ) ( $12/hr ) 6 , 96 0/yr 
'Ibtal o & M Cost $39 , 150/yr 
Table G3 . 1985 <DNS'lmJCTION <DST FOR GREENSf\NDl 
Freight 
Material Unit Cost Quantity (dollars)  
Greensand $23/ft3 - 2 , 200 ft3 1200 
Fine Gravel $75/ton 370 ft3 
SUbtotal 
Labor arx1 Contingency (40% )  









1Unit oosts were provided by Tonka Equipnent, Minneapolis, Minnesota 
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Table G4 .  FSI'IMl\'IE OF AVERPGE ANNUAL CHEMI?L CDSTS FOR 
EXIST� WATER 'IRE'A'lft!NI' FACIL'IY 
Chanical Chemical Costs 
� of Feed Rate for 1984 Unit Costs Per Year For 
Chemical (ppn) for 1984 3 M:;D Flow 
Quickline 96 $78 .75/2000 lbs 34 , 520 
Alum 6 $ 6 .10/50 lbs 6 , 690 
RMn04 0 .125 $138 .40/110 lbs 1, 440 
PolyphoSibate 1 . 2  $ 1 . 30/lb 14.250 
Subtotal 56 , 900 
-
25% projected 20 year average inflation 14 , 230 . 
Annual Average Chanical Cost $71, 130/yr 
1chanical application rates and unit costs were provied by the City of 
Brookings 
